The elastic resonance scattering protons decayed from 11 B to the ground state of 10 Be were measured using the thick-target technique in inverse kinematics at the Heavy Ion Research Facility in Lanzhou (HIRFL). The obtained excitation functions were well described by a multichannel R-matrix procedure under the kinematics process assumption of resonant elastic scattering. The excitation energy of the resonant states ranges from 13.0 to 17.0 MeV, and their resonant parameters such as the resonant energy Ex, the spin-parity J π , and the proton-decay partial width Γp were determined from R-matrix fits to the data. Two of these states around Ex = 14. MeV. The isospin of these three states were previously determined to be T = 3/2, but discrepancies exist in widths and energies due to the current counting statistics and energy resolution. We have compared these states with previous measurements, and the observation of the possibly populated resonance is discussed. 
I. INTRODUCTION
As one of the most intriguing fields in nuclear physics with available heavy ion beams, the exploration of resonant structure especially from an alpha-clustering perspective in light nuclei has attracted much attention in recent years [1] [2] [3] [4] [5] [6] . Measurements in inverse kinematics, for instance, were made to determine the exotic structure or decay mode of the compound nuclei 18 F, 18 Ne, 11,14 C, 11 N [7] [8] [9] [10] [11] . For the 11 B nucleus, which was identified as an alpha-clustering compound system at several lowlying excited states, there are many measurements using different reactions endeavored for extracting the information of resonant structure and energy levels, while the ambiguousness for its high excitation state properties of isospins T = 3/2 and T = 1/2 still remains. Just as shown in Figure 1 , little spectroscopic knowledge of unbound excited states in 11 B has been determined due to the difficulty of extracting the parameters of states above the separation energies of proton (Q p = 11.2285 MeV), neutron (Q n = 11.4541 MeV) and triton (Q t = 11.2235 MeV), where several particle channels are simultaneously open. As the analog of the 1.78 MeV state in 11 Be, primary evidence for the 14.33 MeV state with J π = (5/2 + , 3/2 − ), T = 3/2 assignment comes from the 10 Be(p, γ) 11 B reaction [12] , which also yielded the population of 15.30 MeV, the analog state of 2.70 MeV in 11 Be, but without spin-parity and T assignment. For the 15.30 MeV state, there is no definite J π information reported in Refs. [13] [14] [15] [16] [17] , and its width and spin-parity determinations from the work [12, 18, 19] are also questionable just as demonstrated by Refs. [20, 21] .
In the present work, the measurement was undertaken in the hope that the properties, i.e., the excitation energy E x , the spin-parity J π , and the proton-decay partial width of those unbound excited states lied over the energy region of present interest shown in Fig. 1 could be extracted and determined by employing the elastic resonance reaction 10 Be + p with the thick-target technique in inverse kinematics (TTIK) [22] [23] [24] . Comparing with those traditional approaches, the TTIK method takes advantage of the fact that a continuous excitation function spectrum can be achieved when the incident energy of beam particles on the target remains unchanged. In the following, the experiment details are described in Sec. II, the results and discussion are presented in Sec. III, and finally the summary is given in Sec. IV.
II. DETAILS OF THE EXPERIMENT
The measurement of 10 Be + p elastic resonance scattering was carried out at the Heavy Ion Research Facility in Lanzhou (HIRFL) [25, 26] an average intensity of 100 enA bombarded on a solid 853.96 mg/cm 2 -thick target of 9 Be. The schematic view of RIBLL and the experiment setup for the present measurement are shown in Fig. 2 . At the first momentumdispersive focal plane (C1), a 3060 µm-thick aluminium achromatic degrader was installed to reject unwanted ion species from the 10 Be beam. Two nominal horizontal slits at focal planes C1 (S1: ± 15 mm) and C2 (S2: ± 25 mm) were used to restrict the momentum spread of 10 Be beam. The time of flight (TOF) from the first achromatic focal point T1 to the second one T2 was measured by two 50 µm-thick plastic scintillators. At the scattering chamber (see Fig. 2 ), the incident angles of beam particles on the target were determined by extrapolating the hit-positions recorded by two parallel-plate avalanche counters (PPAC), i.e., PPACa and PPACb, which were 500 mm and 100 mm away from the target, respectively. Consequently, the 10 Be beam of about 92% purity with an intensity of about 5×10 3 pps and an energy of 7.2A MeV impinged on a 41.85 mg/cm 2 -thick polyethylene (PE) target. In addition, a 280 µm-thick silicon detector (Si) was inserted in front of PPACa during the beam tuning to perform the particle identification with TOF. As shown in Fig. 3 The scattered particles from the reaction target were detected by three downstream ∆E-E silicon telescopes at the end of the scattering chamber, which were placed at laboratory angles of θ lab ≈ +16 o , -16 o , and 0 o with respect to the beam axis (see Fig. 2 ). The distances from the telescopes to the reaction target, with solid angles of 21 msr, 20 msr, and 21 msr, were set to be about 344 mm, 349 mm, and 345 mm, respectively. For the sake of convenience in the following description, hereafter the three ∆E-E silicon telescopes are referred to Set1, Set2, and Set3. The averaged scattering angles for recoiled particles were determined to be θ c.m. ≈ 148 o , 147 o , and 180 o via the relation of θ c.m. = 180 o -2θ lab . The ∆E detectors were position-sensitive double-sided-strip detectors (16 × 16, 3 mm width of each strip), measuring energy and two-dimensional position information of the recoiled particles with thickness of 301 µm, 300 µm, and 149 µm, respectively. The E silicon detectors, with thickness of 1533 µm and 1524 µm in Set1 and Set2, and 1528 µm + 1538 µm in Set3, measured the partial or whole energy, depending on whether the scattered particles punching through the ∆E-E telescopes. As demonstrated in Fig.  4 , the combination of ∆E-E detectors clearly revealed the ability of separating protons from deuterons and tritons while heavier ions were stopped in the target. The time of flight and Si detectors were calibrated using the primary beam 18 O, while the position calibration for PPACs and the energy calibration for three silicon telescopes were performed utilizing a standard double α source of energy 5.156 MeV from 239 Pu and 5.499 MeV from 238 Pu. Since the two points of α source are very close in energy, the back bending points for protons and tritons in the ∆E (channel)-E (channel) plot were utilized to carry out the calibration for three silicon telescopes. As shown in Fig.  4 , the calibration result was in excellent agreement with that from GEANT4 [30] simulations. Additionally, in the last stage of the measurement, an evaluation of background contribution from the reactions of 10 Be with carbon nuclei in the (CH 2 ) n target was performed through a separate run with a 50.69 mg/cm 2 -thick carbon target and the same 10 Be beam as described above. In the following spectra, the data was directly extracted from the locus of protons as shown in Fig. 4 except for the high-energy ones that were ceased by depositing the remaining energy into detector telescopes. The proton yield ratio of two runs was normalized by the number of beam particles and target thickness per unit energy loss of the incident beam in the target.
III. RESULTS AND DISCUSSIONS
For the elastic resonance scattering, the relation between the energy of recoiled protons detected at a laboratory scattering angle θ sca with the center-of-mass (C.M.) energy, is expressed as:
where A P and A T are the mass numbers of projectile and target nuclei, respectively, and E p is total proton energy derived using an energy loss program [31] within an uncertainty of about 5%. The energy loss of particles in the target was deduced from a Monte Carlo simulation. The θ sca represents the scattering angle between the beam direction and the outgoing direction of protons. The proton energy spectra for Set1 and Set2 are shown in Fig. 5 . The deduced E c.m. resolution, consisting of the energy width of the secondary beam, the energy resolution of the silicon telescope, the angular resolution of the scattering angle, and the energy straggling in the target, is estimated to be 40 ∼ 100 keV, depending on the relative energies of the reaction system. It is possible that the proton-decays from compound nuclei 11 B to the first excited state (3.368 MeV, 2 + ) or higher excited states in 10 Be contribute to proton spectra. However, according to the available data of elastic and inelastic proton scatterings from a 10 Be target [32] and using a distorted-wave Born approximation (DWBA) to the energy of interest, the inelastic scattering contributions in our case from the channels of p + 10 Be * can be neglected, thus the energy derived from Eq. (1) can be reasonably recognized as the elastic scattering events. In addition, the background contribution of protons from the reactions of 10 Be with carbon nucleus in the (CH 2 ) n target is found to be negligible in comparison with those of the p + 10 Be reactions as shown in Fig. 5 . The achieved differential cross section through a transformation from the laboratory to the C.M. frame energy is presented by
where (2) is expressed as
representing the nominal laboratory differential cross section at recoiled proton energy E p and laboratory angle θ lab for silicon telescopes placed with respect to the reaction target, with N 0 being the total number of 10 Be bombarded on the (CH 2 ) n target, N t being the number of hydrogen atoms per unit area (cm 2 ) per energy bin (dE p ) in the target, and N p being the number of protons detected per energy bin by the ∆E-E telescope with a solid angle ∆Ω. The excitation energies in 11 B are deduced using the relation of E x = E r + Q p where the proton separation energy Q p is 11.2285 MeV and the resonant energy E r is obtained by the following R-matrix analysis of the data, the resulting proton excitation functions are depicted in Fig. 6 in which the background contributions of protons from the contamination of other reactions were subtracted. Small discrepancy between the two data sets respectively shown in Fig. 6 (a) and (b) can be seen, and it mainly originates from the counting statistics, the finite size of the detectors, and the contamination of deuterons and tritons as shown in Fig. 4 .
Analysis of the data was performed by a multichannel R-matrix program M ulti [33] [34] [35] to extract resonant parameters such as the resonant energy E r , the spinparity J π , and the proton-decay partial width Γ p . In the present work, a channel radius of 4.606 fm given by R c = 1.46(A T 1/3 + A P 1/3 ) has been utilized. The fit results were insensitive to the choice of the radius in the present energy region of interest. The inelastic channel and γ capture channel widths are neglected. Therefore, the single particle width is derived by Γ sp = 2P l γ 2 , where P l is the barrier penetrability factor and γ 2 is the reduced particle partial width. In practice, the calculated particle widths are frequently compared with the Wigner limit width as a measure of the partial width of a resonance in terms of Γ W = 2P l γ 2 W with γ
2 c in which µ is the reduced mass [36] .
Since the spin-parity of protons and the ground state of 10 Be are 1/2 + and 0 + , respectively, the incident channel spin is determined to be s = 1/2. Regarding conservation of the total angular momentum J obtained with relative orbit angular momentum l coupling to the channel spin s, many R-matrix fits with all possible spin-parity combinations for observed resonances were attempted to reproduce the data. Consequently, the best-fit parameters are summarized in Table I and the resulting fits are displayed in Fig. 6 . In the following subsections, the detailed discussions for the observed states are presented.
A. Bump around 13.46 MeV and Peak at 14.55 MeV
Because of the close proximity and the proton-decay channel, the peak at E x = 14.55 MeV is assumed to represent a resonance as the well-known state at 14.34 MeV, and the large proton-decay width of this resonance precludes the possibility of the previously known state at 14.56 MeV [29] . Attempts were made to fit the peak around E x = 14.50 MeV with J π = 1/2 + , 3/2 ± , and 5/2 + , which are assignments made by previous measurements [12] [13] [14] [15] . Calculations were also guided by the most recently tabulated levels for 11 B [29] and the isobaric analog states in 11 Be. This state was firstly observed at E x = 14.33 MeV in the 10 Be(p, γ) 11 B reaction [12] and identified as the analog state of 1.78 MeV in 11 Be with the most probable J π = 5/2 + assignment [37] , but the possibility of J π = 3/2 + was firmly excluded on the basis of quadrupole-to-dipole amplitude analysis. Later, other studies on this state were totally based on Goosman's measurement. Therefore, the preferred assignment for this state is adopted to be J π = 5/2 + in the recent compilation of A = 11 nuclei [29] . Our result demonstrates that the curve with J π = 3/2 + assignment is in accordance with the data shown in Fig. 7(b) as the solid curve, while the combination of J π = 5/2 + with other states yields good description of the overall shape except for the height of the prominent peak shown in Fig. 7(b) as the black dotted curve.
Most of previous studies have measured the state J π = 5/2 + , and excitation energies of E x = 14.34 [12] , 14.47 ) [13], 14.40 [14, 16] , and 14.30 MeV [17] have been reported. In the current measurement, the experimental resolution and counting statistics prevent us from making a firm assignment, thus the candidate J π = 5/2 + can not be excluded. Instead, it may be a strong candidate as suggested by the DWBA and shell-model calculations in Refs. [14, 38, 39] . A high-resolution study is required to make a definite assignment for this state.
As shown in Figs. 6 and 7, there is a bump in the low-energy region of the excitation function. This structure was the result of low-energy cutoff imposed by the ∆E-E telescope except for the first two points, since no protons with energy lower than E x = 13.0 MeV could be detected. As shown in Fig. 7(b) , exclusion of this bump around 13.46 MeV results in a much less satisfactory fit by the blue dashed line for the overall shape of the spectrum. To improve the fitting, the bump is introduced as a resonance. Attempts were made to fit the bump with J π = 1/2 ± , 3/2 ± , and 5/2 ± . As demonstrated by the blue dashed curve in Fig. 7(a) , the bump can be well described by a Breit-Wigner form [40] with transferred angular momentum l p = 0. The excitation functions were well reproduced by using an assignment of J π = 1/2 + for this state in combination with other states observed, but the extracted proton-decay width was roughly estimated to be Γ p = 608 keV with large uncertainty due to the paucity of the low-energy data.
For excitation energies at E x = 13.30 MeV [41] and 13.63 MeV [42] , no information of the spin-parity and the particle width has been reported so far. In this work, the resonance at E x = 13.46 MeV was tentatively assumed to be the 13.30 MeV or 13.63 MeV state but not the member of the doublet, i.e., the 13.137 MeV (9/2 + ) state and 13.16 MeV (5/2 + , 7/2 + ) state [14] , due to the restriction of the largest transferred angular momentum (l max ≤ 3). Alternatively, this resonant state may be an unnaturalparity state that was not observed previously. Further studies above the 10 Be + p threshold are needed to obtain a firm assignment for this state.
B. Bump around 14.74 MeV
As shown in Fig. 6(a) , there is a bump around 14.74 MeV. The fitting to the data with exclusion of the bump as a resonance results in an obvious deviation as shown in Fig. 7(b) 7 Li reactions compiled in Ref. [44] . However, no more information on spin-parities among these works was reported except for Refs. [43] and [18] .
Based on the analysis of R-matrix fits to the data of neutron scattering from 10 [18] in which only negative-parity states with T = 3/2 were strongly excited in 11 B. In the current measurement, we speculated that this bump as a resonance was populated, and attempts with various combinations of excited energies and spin-parities were made to derive the resonant parameters. Consequently, the data was found to be reproduced in a satisfactory way with the J π = 3/2 − assignment. Obviously, our result supports Aryaeinejad's assignment but with a larger particle width because of the present systematic resolution. [12] . d The J π = (1/2 + , 11/2 + ) were excluded since they give too low and too high peak heights over the energy region [43] . e It may not be the 16.44 MeV state [14] . See also Ref. [48] .
C. Alternative Structure around 16.18 MeV
In the previous measurements as listed in Table II , the state with E x = 16.432 MeV and J π = (5/2 − ) of 11 B compiled in Ref. [29] was reported and has the resonant energy of 16.44 MeV in Ref. [14] and 16.43 MeV in Refs. [45, 46] , respectively. R-matrix fits to the data were attempted for this state formed by l p = 0, 1, 2, and 3 protons. Calculations with p-wave states using a particle width smaller than 60 keV could naively produce a character of the tail of the excitation function, but the χ 2 of the fit to the data was almost unchanged with the exclusion of this state. It is assumed that we have populated the well-known resonance, i.e., the analog of the 3.889 MeV state in 11 Be, and a tentative assignment of J π = (1/2 − , 3/2 − ) is set to this state. The characteristic behavior of angular momentum transfer l p = 1 for this state disagrees with the previously observed one at 16.50 MeV [18] with a width of 201 keV, which was not represented by any analog states in 11 Be.
IV. SUMMARY
To summarize, the elastic resonance scattering of protons from 10 Be using the thick-target technique in inverse kinematics was performed for the first time to investigate the resonant structure of 11 B above the proton-decay threshold. The excitation function for the resonant protons decayed from the compound nucleus 11 B was analysed using the multichannel R-matrix procedure. Four resonant states at E x = 13.46 MeV, 14.55 MeV, 14.74 MeV, and 16.18 MeV were populated, where the latter three levels are considered to be the previously known ones with isospin value T = 3/2, and the data was reproduced well with the combination of those resonant parameters as listed in Table. I. The extracted parameters seem reliable within uncertainty except for the 14.55 MeV resonance as implied by the large ratio of Γ p /Γ W arising from the counting statistics. Alternatively, the 16.18 MeV state which is located at the end of the higher excitation energy is tentatively assigned to be the one observed previously. The extracted parameters for the resonant energy, the spin parity, and the proton-decay partial width are summarized in Table II . The present results suffer from the large uncertainty in the level width, the spin-parity assignments, and even the isospin components, and further studies based on high-resolution experiments are imperative to draw firm conclusions for the structure of 11 B.
